Introduction
The Barents Sea is a shelf sea with an average depth of 230 m and an area of 1.4 million km 2 . It is seasonally ice covered, the maximum area (February-March) ranging from 0.77-1.1 million km 2 (Vinje and Kvambekk, 1991) . In ''warm'' years the entire Barents Sea may be ice free in summer.
The Barents Sea is divided into a northern and a southern part by the oceanic Polar Front, which is particularly distinct in western parts of the Barents Sea, at 75-76 N. South of it, the Barents Sea is characterised by Atlantic surface waters (s>34.9; t=3-6 C). This region is permanently ice free in its south-west part. North of it, Polar water, characterised by salinities of 34.3-34.8 and temperatures of <0 C, is predominant, due to the supply of meltwater from sea ice (Loeng, 1991) . Horizontal gradients such as these, let alone large year-to-year environmental variations, cause pronounced variations in biomass distributions and productivities of the pelagic Barents Sea ecosystem.
The present paper summarises the average properties of the pelagic ecosystem and deals with the impact of environmental variations on this ecosystem. Much of the relevant knowledge has been derived from the Norwegian Research Programme for Marine Arctic Ecology (Pro Mare), which was operative in 1984-1989. Results from this programme have, in the main, been published internationally (see Sakshaug et al., 1991; Sakshaug et al., 1994 for references) and in a book in Norwegian .
Structure and energetics of the pelagic ecosystem
The primary productivity in the Barents Sea is, as an areal average for several years, about 110 g C m 2 yr 1 (Sakshaug and Slagstad, 1992) , i.e. >17 times higher than the primary productivity in ice in this area (<6 g C m 2 ice yr 1 ; Sakshaug et al., 1994) . Primary productivities of about 100 g C m 2 yr 1 may be rather typical for coastal shelf waters, yet productivities in parts of the Bering Sea are known to be higher, i.e. 285 g C m 2 yr 1 , in Anadyr waters (Walsh et al., 1989 ) -in part a consequence of higher concentrations of winter nutrients in the Bering Sea (Sakshaug, 1989) . Upwelling areas in the trade wind zones are, however, far more productive than the Barents Sea: 300-500 g C m 2 yr 1 (Dugdale and Wilkerson, 1991) . Although it is pronounced fluctuations that above all, characterise the pelagic Barents Sea ecosystem, areal averages of biomasses and productivities for several years may be informative. In a compilation of such data, phytoplankton biomass may constitute about 2000 kg C km 2 whereas calanoids and krill together may constitute at least 3000 kg (Table 1 ). The inversion of the phytoplankton and zooplankton stocks in the biomass pyramid may be typical for marine pelagic ecosystems and is, of course, made possible by the much higher production rate of the phytoplankton stock (biomass times growth rate). The total productivity of calanoids and krill, in fact, makes up no more than 7% of the primary productivity.
Although shelf-sea ecosystems are high-productive, they are, like other ecosystems, very inefficient in terms of energy conversion. The total gross primary productivity of the Barents Sea may correspond to a power of only 0.6 W m 2 as an annual average, as opposed to an average annual insolation corresponding to 50 W m 2 (cloudiness taken into consideration). The energy conversion efficiency, thus, is a mere 1.2% (Sakshaug and Slagstad, 1991) . In terms of net primary production (deducting losses due to respiration etc.), the power is in fact as small as 0.16 W m 2 , making the energy conversion efficiency only 0.3%. Even if these calculations were based only on visible (photosynthetically available) light, the energy conversion efficiency would still not exceed 1.2-1.5% (the remaining energy penetrating the sea surface being absorbed by the water and warming it). In absolute terms this small efficiency nevertheless amounts to an energy flow as large as 7.7 million Terajoules yr 1 for the entire 1.4 million km 2 of the Barents Sea. This corresponds to no less than 22% of the world's electricity production in 1975 (Sakshaug et al., 1994) .
At higher trophic levels, biomasses and productivities are generally low compared to those of plankton: capelin and cod stocks together make up 700 kg C km 2 , whales and seals <50 kg C km 2 , seabirds only 1 kg km 2 and polar bears a mere 0.1 kg km 2 (Table 1) . In Table 1 . Carbon biomass densities, productivities and turnover rates (P/B ratios) for important trophic levels; averages for the whole Barents Sea and several years. From Sakshaug et al. (1994) . Based on studies by Båmstedt et al. (1991) . Dalpadado and Skjoldal (1991) , Hassel et al. (1991) , Haug et al. (1991 Haug et al. ( , 1993 , Hopkins and Nilssen (1991) , Markussen and Øritsland (1991) , Markussen et al. (1992) , Mehlum and Gabrielsen (1993) , Nilssen et al. (1992) , Ryg and Øritsland (1991) , Sakshaug and Slagstad (1992) , Schweder et al. (1992) , Skjoldal (1990, 1992) , and Wassmann (1990 such a context the biomass densities of the human populations of Norway and Japan may appear fairly large: 107 and 2200 kg C km 2 , respectively. However, the latter two, as well as the marine biomass densities, are dwarfed by the average biomass of terrestrial ecosystems: 3.7 million kg C km 2 , of which at least 90% is in plants, mainly trees and shrubs (Cohen, 1994) . Considering that the contributions to global primary production from land and the sea are in the same order of magnitude, i.e. 45 vs. 22 Petagrammes (=Gigatonnes) C yr 1 , in spite of huge differences in total biomass, i.e. 700 vs. 1.5 Pg (Valiela, 1984) , one may conclude, as the ultimate in global averaging, that marine plant biomass is small but grows fast, whereas terrestrial biomass is large but grows slowly.
The range in average biomass densities in the Barents Sea, from planktonic crustaceans to polar bears, represents a factor of >20 000. This is as expected, considering that of the food consumed by one trophic level, only 10-20% results in net growth, the remaining fraction being spent on other vital processes, i.e. the maintenance of life (respiration, reproductive costs, motion, etc.).
The magnitude of the total primary production often yields a misleading impression of what can be harvested of fish and mammal stocks in a sustainable fashion in an area -this is because harvestability is related instead to the size of the ''new'' production, i.e. the fraction of the total primary production that is based on ''new'' nutrients (Sakshaug and Slagstad, 1992; Sakshaug et al., 1994) . The ''new'' nutrients are defined as nutrients that are supplied to the illuminated and wind-mixed upper layers of the water column from the outside (making the ecosystem open), as opposed to ''regenerative'' nutrients that are exchanged between water and organisms (recycled) within the upper wind-mixed layer (closed ecosystem; see Thingstad and Sakshaug, 1990, for definitions) . Tropical rainforests are textbook examples of ecosystems that combine negligible ''new'' productivity with high total productivity, thus certainly not being significantly harvestable in a sustainable fashion . Because terrigenous supplies, including nutrient-laden pollution, to the Barents Sea are modest, ''new'' nutrients are supplied virtually exclusively from deep layers through mixing, i.e. by thermohaline circulation, currents and wind. What makes the Barents Sea so rich in terms of harvestable resources is the large ''new'' annual productivity of no less than 55 g C m 2 , i.e. about 50% of the total (Kristiansen and Farbrot, 1991) .
The organic matter produced in the upper layers has, in principle, three main fates: being (i) released as dissolved organic matter (e.g. glycolic acid, carbohydrates, etc.) which is grazed by microheterotrophs (bacteria, colourless flagellates, ciliates, etc.; (ii) grazed by zooplankton from the grazing food chain (e.g. calanoids and krill) leading to production of fish, and (iii) sinking towards the seabed (export of biomass out of the system).
Our estimate for release of dissolved organic matter by phytoplankton in the Barents Sea is 15 g C m 2 yr 1 (Table 1 ). This is somewhat higher than literature values suggesting 5-10% of the total primary production (see Zlotnik and Dubinsky, 1989 for references). The reason that our estimate is higher is that gelatinous colonies of the haptophyte Phaeocystis pouchetii are frequently predominant in phytoplankton blooms in the Barents Sea. Large amounts of DOC are presumably released from old Phaeocystis colonies that sink efficiently towards depth while suffering massive microheterotrophic attacks Thingstad and Martinussen, 1991) . At a given rate of primary productivity there is necessarily an inverse relationship between the sedimentation rate and the grazing rate: the more of the phytoplankton is grazed by zooplankton, the less organic matter will reach the bottom. According to model studies Slagstad, 1990, 1992) , about 15 g phytoplankton C m 2 yr 1 may be grazed by zooplankton as an average for several years, forming the basis for ''harvestable'' production higher up in the ecosystem, whereas about 45 g C m 2 , or 75% of the ''new'' production, may sediment towards the bottom (Table 1) . Although the Barents Sea is shallow, presumably no more than 10-20% of the sedimenting matter really reaches the bottom, representing potential food for benthic organisms, the other 80-90% being degraded underway (Wassmann, 1990) .
Capelin has traditionally been regarded as a key species in the Barents Sea pelagial and is, indeed, the single most important food species for marine mammals, seabirds and cod there. According to mathematical models, the annual food requirements of the average stocks of these animals range from 0.05 g C m 2 for seabirds to 0.35 g C m 2 for cod and total 0.775 g C m 2 yr 1 when the capelin fishery is included (Table 2 ). This is no less than 3.6 times the average annual capelin productivity, indicating that in an average year as much as three-quarters of the food intake of higher animals and cod has to be based on other diets than capelin, i.e. zooplankton and pelagic fishes such as herring and polar cod. Dynamics: spatial variability
The variability in biological stocks and productivities is pronounced on all time scales in polar marine ecosystems because of the pronounced variability in the forcing (meteorological and hydrographical) factors on all time scales. Polar pelagic ecosystems are, in fact, notoriously instable. One seasonal feature is, however, quite predictable: all parts of the Barents Sea experience a spring phytoplankton bloom sometime during April-July. This bloom is based on the ''new'' nutrients that were admixed to the upper layers during the winter. Typical winter nutrient concentrations in the Barents Sea are 12-14, 0.9-1.0 and 6-7 mmol m 3 of nitrate, phosphate and silicate, respectively (Rey et al., 1987) . These values are close to typical values for North-east Atlantic waters and about one-half and one-third of winter values for the Bering Sea and the Antarctic Ocean, respectively (Sakshaug, 1989) . A spring bloom in the Barents Sea may produce 30-50 g m 2 of organic carbon during a period of 2-3 weeks; this may make up half the annual total primary production and considerably more if the ''new'' fractions alone are taken into account. Thus, the spring bloom is a major source of food for zooplankton and also the main source of sedimenting matter (Wassmann et al., 1991) .
The timing of the spring bloom depends on the supply of light to the phytoplankton in spring, which in turn critically depends on the mixing characteristics of the upper water masses. Deep mixing causes phytoplankton to spend a major fraction of their life in very low light, causing severe light limitation and thus delays in the onset of a bloom (Sverdrup, 1953) . Typically, the earliest blooms (in mid-April) arise in Atlantic waters close to the oceanic Polar Front -this happens in ''cold years'' when the ice cover reaches that far south. In such situations, a meltwater-generated (salinity-dependent) stabilisation of the upper layers occurs early because the sea ice starts melting early as a consequence of the warming effect of the Atlantic waters. North of the Polar Front, stability is established later and trails the retreating ice as a consequence of the supply of water from the melting ice. This establishes a 30-50 km wide phytoplankton bloom zone that trails the ice edge. Such an ''ice edge'' effect ( Fig. 1) is known from all seasonally ice-covered polar seas and was first suggested by Gran (1931) .
The ice-edge effect implies that north of the oceanic Polar Front the zone of high primary production is concentrated into a narrow band close to the ice edge. South of the oceanic Polar Front, i.e. in the permanently ice-free areas that are characterised by Atlantic surface waters, stability depends instead on the formation of a temperature-dependent thermocline. This thermocline is created fairly late, thus the spring bloom is not triggered until mid-May or early June.
Differences in the timing of spring blooms affect the match between phytoplankton and zooplankton maxima. To maximise grazing and minimise sedimentation (''match''), phytoplankton blooms should not begin too early and they should be of long duration so that the probability of zooplankton stocks encountering phytoplankton blooms is maximised (Sakshaug and Skjoldal, 1989; Båmstedt et al., 1991; Hassel et al., 1991) . The late and protracted phytoplankton blooms in the permanently ice-free Atlantic waters may represent good examples of ''match'' whereas the early blooms that arise where sea ice overlies Atlantic water may be textbook examples of mismatch, as are the early spring blooms in Norwegian fjords (Wassmann, 1990) .
Phytoplankton spring blooms apparently produce about the same amount of biomass regardless of where and when they arise in the Barents Sea, i.e. 30-50 g of ''new'' carbon m 2 (Sakshaug et al., 1995) . Yet areal differences are pronounced in terms of annual ''new'' primary production. According to mathematical model runs, average ''new'' productivity presumably is <40 g C m 2 yr 1 in the Polar waters north of the oceanic Polar Front and as high as 90 g C m 2 yr 1 in the Atlantic waters (Sakshaug and Slagstad, 1992) . The ''new'' productivity, thus, is more than twice as high in the Atlantic part of the Barents Sea as north of the Polar Front.
Such notable differences in areal productivity are obviously created mainly in the period that follows the depletion of winter nutrients by the spring bloom. North of the Polar Front the pronounced pycnocline under the meltwater-influenced layer, that is only 25-35 m thick, effectively blocks wind-induced admixture of nutrientrich deeper waters after the winter mixing. Thus the ''new'' production is generally small after the ice-edge bloom -the main contribution comes from the slowgrowing phytoplankton in the chlorophyll maximum layer near the pycnocline. In the Atlantic southern part of the Barents Sea, however, surface layer stability is notably smaller, allowing strong wind-induced vertical mixing; typically to 40-80 m depth (Sakshaug et al., 1995) .
The atmospheric depressions that form the northern belt of westerlies (Fig. 2) usually pass over the Barents Sea, inducing marked rhythmic alternations of strong wind/low light vs. calm/strong light (typically in a 1-2 week cycle). This has notable effects on the primary productivity in the Atlantic parts of the Barents Sea: the strong frontal winds induce deep mixing that furnish ''new'' nutrients, whereas the intermittent calm periods give relative stability and, thus, adequate light (cf. Sverdrup, 1953) , allowing the phytoplankton to grow on the basis of the nutrients that were furnished during the windy episode. As a consequence of the continual recurrence of passing atmospheric depressions, several secondary peaks in the ''new'' productivity and algal biomass arise. Such a system may be compared to a gardener who fertilises the lawn once every week (Fig. 3) .
Mathematical modelling (Sakshaug and Slagstad, 1992) indicates that winds caused by atmospheric depressions passing after the spring bloom are critically important for the primary productivity in the Atlantic parts of the Barents Sea in that they contribute at least 40 g C m 2 as ''new'' production in addition to the 50 g m 2 furnished by the spring bloom itself. Moreover, banks such as the Svalbard Bank and the area north of Bear Island may contribute up to 100 g of ''new'' C m 2 after the spring bloom as a consequence of their favourable bottom topography and current systems that create continual and not too deep vertical mixing. The ''new'' productivities, according to these models, imply a range of annual total productivities from <70 g C m 2 in Polar waters to 125-200 g C m 2 in Atlantic watersthe very highest values pertaining to the areas that surround Bear Island and the Svalbard Bank. These model predictions are remarkably consistent with Russian measurements of 14 C productivity in the Barents Sea in 1970 -1990 (Titov, 1995 .
North of the Polar Front, the average ''new'' productivity may produce far less than the 40 g C m 2 yr 1 mentioned earlier if a large part of the northern Barents Sea stays ice-covered through the growing season. This emphasises that the high-polar regions are not particularly productive compared to the Atlantic waters -on the contrary -the ''new'' production in the high-polar parts merely happens to be highly concentrated into a narrow zone. The much higher primary productivity in the southern compared to the northern part of the Barents Sea explains to some extent why large commercial fish stocks are found mainly in the Atlantic parts of the Barents Sea (capelin stocks, however, do feed near the ice edge in summer, drawing commercial fish biomass from the northern to the southern part of the Barents Sea when they return). Fish productivity is, however, more directly related to zooplankton productivity. Model studies indicate that, in an average year, the Calanus finmarchicus productivity in the Atlantic part of the Barents Sea is more than twice the average annual C. glacialis productivity in the northern part, i.e. 10 vs. 4.5 g C m 2 , the latter being considerably lower if the sea ice melts late in the season Slagstad, 1990, 1992) . Moreover, virtually the whole krill stock lives in the Atlantic part of the Barents Sea (Dalpadado and Skjodal, 1991) .
Stationary (bottom) animals south of the Polar Front are presumably offered one large and several small meals during the growing season, furnished by sedimenting matter. Their counterparts north of the oceanic Polar Front may be offered only one albeit large meal per year when the ice-edge bloom passes by. Stocks that can migrate with the ice edge, for instance the summerfeeding capelin stocks as mentioned above, presumably experience one large meal of very extended duration. Judging from the sedimentation rate, the average benthic productivity in the Barents Sea is presumably <0.5 g C m 2 yr 1 , excluding the littoral (Sakshaug et al., 1994) .
Although the southern half of the Barents Sea is more productive in terms of primary production, the northern half attracts considerable attention because life there is concentrated at and near the ice edge, made very obvious by the abundance of marine mammals, seabirds and polar bears. If the size of the primary production is an adequate guide, there should be at least 50 times more ''visible'' animals associated with the ice edge zone than either in the surrounding waters or farther into the ice. Biomass concentrated into the narrow ice-edge zone may, in principle, constitute an advantage for predators that are able to move with this zone, i.e. the energy expenditure related to the search for food will be minimised.
Dynamics: year to year variations
The Barents Sea has exhibited pronounced variations in ocean climate from year to year. Since the 1940s, 3-5 year rhythms in the sea surface temperature have typically occurred, and 10.5 and 18-year cycles have also been demonstrated (Loeng, 1991; Tretyak et al., 1995) . The latter two represent the sunspot and lunar node cycles, respectively; according to historical data going Figure 2 . Schematic illustration of the jet stream and the atmospheric depressions (low pressures) that constitute the belt of westerlies in the northern hemisphere. Single depressions may be >1000 km in diameter. From Sakshaug et al. (1995). back to medieval times both have had distinct impacts on the output of British and French cod fisheries as well as the wine harvests in Germany and France (Currie et al., 1994) . Without doubt, rhythmic variations may reflect variations in the transport of heat northwards with the North Atlantic Current -a process that may be greatly affected by variations in the formation of deep water in the Norwegian, Greenland and Iceland Seasand the distribution of atmospheric low pressures in the North Atlantic that are apparently decisive for how much of the Atlantic and Norwegian coastal current waters flow into the Barents Sea (A r dlandsvik and Loeng, 1991; Loeng et al., 1995) . In the Barents Sea, local production of deep water is also important Sakshaug and Slagstad (1992) . (Midttun, 1985) . The Barents Sea appears to be exposed to a cycle of ''warm'' years alternating with ''cold'' years. The ''warm'' years are characterised by large transports of heat to the Barents Sea and little sea ice, and the ''cold'' years vice versa. The fifties were ''warm'' whereas the sixties were ''cold'', as was the last half of the eighties (Loeng, 1991) . A positive correlation between ''warm'' years and strong success of cod recruitment has been indicated ( Fig. 4 ; Tretyak et al., 1995) . Such a relationship makes sense because the ''warm'' years are good years productivity-wise in the Barents Sea (Skjoldal et al., 1992) , for three principal reasons: (i) the primary productivity of the whole Barents Sea may, in fact, be 30% higher in a year with little sea ice than in a year with much sea ice (Slagstad and Stokke, 1994) ; (ii) less ice implies, as stated above, higher temperatures and therefore higher biological activity and more successful spawning, and (iii) ''warm'' years imply large influxes of Atlantic water that bring large stocks of zooplankton from the south into the Barents Sea (Skjoldal et al., 1992) . The rate of increase in biomass, however, differs strongly between stocks so that when the ''warm'' years are replaced by ''cold'' years, imbalances arise, e.g. overgrazing of capelin by cod relative to capelin stock growth may in turn lead to cod stocks that are undernourished, and so on. In essence, the ''cold'' years introduce a food shortage that reverberates through the ecosystem. The last time an event of such catastrophic dimensions occurred was in 1988-1989, the so-called ''capelin Years characterised by successful recruitment of cod are marked by dots in the upper part of the panel; years with unsuccessful recruitment by dots in the lower part. Hydrographical data from PINRO, Murmansk (''Kola section''), in Loeng (1991) . Cod recruitment data from Tretyak et al. (1995) .
collapse'' that led to mass mortality of the common guillemot (Uria aalge, a capelin specialist; Mehlum and Gabrielsen, 1993) and mass migration of harp seals (Phoca groenlandica) southwards along the North Norwegian coast (Haug et al., 1991) . This, however, was not the first record of mass harp seal migration: another major capelin collapse followed by the migration of harp seals occurred in 1901 (Nakken, 1992) . Moreover, it should not be forgotten that the renowned Norwegian marine zoologists Axel Boeck and Georg Ossian Sars received their research grants from the Storting in 1862 and 1864, respectively, to find out what caused the absence of herring and cod stocks in the preceding years (Sakshaug, 1976) . One may conclude that variations in fish stocks from year to year have always been extreme in the Barents Sea and that they also to some extent are rhythmic. There is no ''natural ecological balance'' in any meaningful sense. Management of fisheries, even the best one imaginable, cannot prevent this. One may, however, strive to make variations as comfortably small as possible.
Evidently the variations in biomasses and productivities in the Barents Sea are to a great extent forced by variations in the magnitude of the transport of Atlantic waters northwards into the Barents Sea. This, of course, implies that variations in both fishery output and the coastal European climate ultimately are governed mainly by the same factors: the factors that decide the magnitude of the North Atlantic Current and the trajectory and intensity of the northern westerlies (i.e. the atmospheric depressions) across the North Atlantic. Studies in the last 20 years (see Currie et al., 1994; Hall et al., 1994; Sakshaug, 1996 , for references) indicate that both are likely to change in conjunction with any global change scenario.
